In a previous study, we identified an interesting mutant form of the Tax protein of bovine leukemia virus (BLV), designated D247G. This mutant protein strongly transactivated the long terminal repeat of BLV and was also able to transactivate the cellular proto-oncogene c-fos. This finding suggested that BLV that encode the mutant protein might propagate and induce lymphoma more efficiently than wild-type BLV. To characterize the effects of the strong transactivation activity of the mutant Tax protein, we constructed an infectious molecular clone of BLV that encoded D247G and examined the replication and propagation of the virus in vitro and in vivo. Cultured cells were transfected with the wild-type and mutant BLV, and then levels of viral proteins and particles and the propagation of viruses were compared. As expected, in vitro, mutant BLV produced more viral proteins and particles and was transmitted very effectively. We injected the wild-type and mutant BLV into sheep, which are easily infected with BLV, and monitored the proportion of BLV-positive cells in the blood and the expression of BLV RNA for 28 weeks. By contrast to the results of our analyses in vitro, we found no significant difference in the viral load or the expression of viral RNA between sheep inoculated with wild-type or mutant BLV. Our observations indicate that the mutant D247G Tax protein does not enhance the expansion of BLV and that there might be a dominant mechanism for regulation of the expression of BLV in vivo.
Bovine leukemia virus (BLV), a retrovirus related to human T-cell leukemia virus types 1 and 2 (HTLV-1 and HTLV-2), causes enzootic bovine leukosis, a disease characterized by a very extended course that often involves persistent lymphocytosis and culminates in B-cell lymphoma (5) . Under experimental conditions, sheep can easily be infected with BLV and tend to develop B-cell leukemia/lymphoma at higher frequencies and after shorter latent periods than cattle (3, 8) .
In addition to the involvement of the classical structural genes of retroviruses, BLV has a region, designated pX and located between the env gene and the 3Ј long terminal repeat (LTR) , that contains at least seven open reading frames (21) . Two well-characterized proteins encoded by the pX region, Tax and Rex, are involved in regulation of the expression and replication of BLV (6, 7) . The Tax protein acts on a triplicate 21-bp enhancer motif, known as the Tax-responsive element, in the U3 region of the 5Ј LTR and stimulates transactivation of the viral genome (6, 29) . The Tax-responsive element consists of a sequence that resembles a cyclic AMP response element, and it has been suggested that Tax binds indirectly to this element through a member of the CREB/ATF family (1, 2, 4, 31) . Furthermore, the Tax protein can cooperate with the Ha-Ras oncoprotein to induce full transformation of primary rat embryo fibroblasts (30) , an observation that suggests that Tax not only activates the replication of BLV but also contributes to the induction of lymphoma. The Tax protein of HTLV-I, which is a structural and functional homolog of BLV Tax, modulates the expression and function of many cellular proteins that are involved in the regulation of cell growth (35) . By contrast, little is known about the target genes that are activated by BLV Tax and the cellular factors that interact with BLV Tax.
Our group has identified various mutants of BLV Tax that stimulate viral LTR-directed transcription more effectively than wild-type Tax (25) . Each of the mutants has at least one missense mutation between residues 240 and 265, and a single missense mutation in this region of Tax is sufficient for enhanced activity of the mutant Tax protein. In addition to the LTR of BLV, other retroviral enhancers, such as the enhancers of HTLV-I and of mouse mammary tumor virus, which cannot be activated by wild-type BLV Tax protein, are activated by one of these mutant Tax proteins (25) . Furthermore, we demonstrated recently that a mutant Tax protein but not wild-type Tax activated the upstream sequence of the human c-fos gene, and the mutant Tax also raised levels of endogenous c-fos mRNA considerably in both human and bovine cell lines, whereas wild-type Tax did not activate the expression of human c-fos (26) . The enhanced activity of such a mutant Tax protein might be due to alterations in the interactions between Tax and cellular factors as a result of the change in the amino acid sequence between amino acids 240 and 265. However, the mechanism by which such mutations increase the activity of Tax remains unknown.
Our findings raise the possibility that BLV that encodes a mutant form of Tax might produce more viral proteins and particles, activating the cellular factors that are involved in regulation of cell growth and inducing lymphoma more rapidly and more frequently than the wild-type virus. However, no mutant forms of Tax with elevated transactivation activity have been isolated from naturally BLV-infected but clinically healthy cattle or cattle with enzootic bovine leukosis (25) . Thus, it is possible that mutant Tax proteins with elevated transactivation activity might be disadvantageous for the survival and expansion of BLV during immunological attack by the host's immune system.
To clarify the effects of a mutant Tax protein with increased transactivation activity on the replication and propagation of BLV in vivo and in vitro, we constructed an infectious molecular clone of BLV (pBLV-IF D247G ) that encoded the mutant Tax D247G, which has elevated transactivation activity. We observed elevated levels of viral proteins and viral particles and increased rates of cell-to-cell transmission in the case of cells transfected with pBLV-IF D247G in vitro. By contrast to the results in vitro, we found no differences in the proportion of BLV-positive cells and the expression of viral RNA between sheep inoculated with pBLV-IF WT and those inoculated with pBLV-IF D247G . Thus, it appears that Tax with elevated transactivation activity is not advantageous for the expansion of BLV in vivo. Our results also suggest that there might be a mechanism for regulating BLV LTR-directed transcription whose effects dominate the activation of LTR by Tax and play an important role in viral silencing in vivo.
MATERIALS AND METHODS

Construction of plasmids.
The wild-type and mutant infectious molecular clones of BLV, pBLV-IF WT and pBLV-IF S240P , respectively. have been described previously (10, 25) . To construct the pBLV-IF D247G mutant infectious molecular clone of BLV which encoded a mutant Tax protein with elevated transactivation activity, we replaced the ClaI-Eco47III sequence in the Tax coding region (amino acids 26 to 272) of the wild-type clone pBLV-IF WT with the ClaI-Eco47III sequence in pME18Neo that encoded the D247G mutant of BLV Tax (25) (Fig. 1A) . pGV-BLTR (25) , which included the firefly gene for luciferase driven by a BLV LTR, was used for the analysis of transactivation activity. pRL-SV40 (Promega, Madison, Wis.) includes a gene for luciferase from Renilla and was used for normalization of efficiencies of transfection (25) . pME18Neo and pBluescript II SK(ϩ) (Stratagene, La Jolla, Calif.) were used as negative control plasmids.
To construct plasmids that expressed BLV Tax, we amplified tax genes from sheep inoculated with the infectious molecular clones by PCR with primers BtaxF and BtaxR and introduced the products of PCR into the XhoI and XbaI sites of pME18Neo, as described previously (25) . Four clones from each sheep were used for luciferase assays, as described below, and were also sequenced with a BigDye Terminator cycle sequencing kit and a genetic analyzer (ABL Prism 310; PE Applied Biosystems, Norwalk, Conn.) as described previously (25) .
Cells and transfection. 293T cells (human embryonic kidney cells that express the large T antigen of simian virus 40 [SV40]), FLK cells (fetal lamb kidney cells), FLK-BLV cells (FLK cells infected with BLV), and CC81 cells (cat cells transformed with mouse sarcoma virus) were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum, penicillin, and streptomycin. For Western blotting, 293T cells ( 10 7 ) were transfected with 20 g of a BLV molecular clone and 2 g of pRL-SV40 by electroporation, as described previously (25) . For analysis of luciferase activity, 293T cells (3 ϫ 10 5 /well) were transfected with 1 g of pGV-BLTR, 1 g of an infectious BLV clone, and 0.3 g of pRL-SV40 as described elsewhere (23) .
Luciferase assays. At 60 h after transfection, 293T cells were harvested and subjected to assays of luciferase activity as described previously (23) .
Western blot analysis. Viral proteins of BLV in cells and growth medium were detected by Western blotting with serum from sheep that had been infected with BLV, as described previously (25) .
RT assay. Viral particles that had been secreted into the growth medium from cells transfected with BLV clones were concentrated and subjected to the reverse transcription (RT) reaction as described elsewhere (10) .
Fluorescence microscopy. Cell smears were fixed in a mixture of acetone and methanol (1:1, vol/vol) at Ϫ20°C for 15 min. For detection of BLV antigens, fixed cell smears were incubated for 30 min at room temperature with serum from a BLV-infected sheep (11) and then treated with fluorescein isothiocyanate-conjugated) rabbit antibodies against the F(abЈ) 2 fragment of sheep immunoglobulin G (Cappel, Cochranville, Pa.) for 30 min. Samples were mounted in phosphatebuffered saline that contained 90% glycerol and examined with a fluorescence microscope (Provis AX; Olympus, Tokyo, Japan).
Syncytium formation assay. At 24 h after transfection, CC81 cells transfected were replated at 8 ϫ 10 4 cells/well in 12-well culture plates and cultured for an additional 2 days in RPMI 1640 medium supplemented with 4 mg of Polybrene (Sigma, St. Louis, Mo.) per ml. The cells were fixed and stained, and then the number of syncytia and the number of nuclei in each syncytium were determined as described previously (10) . A total of 2 ϫ 10 5 peripheral blood mononuclear cells (PBMC) isolated from sheep blood were mixed with 10 5 indicator CC81 cells/well in 24-well culture plates and then cultured for 72 h in complete medium. The PBMC in the growth medium were removed. Then the CC81 cells were fixed and stained, and the syncytia were counted.
Serial passage of cells after transient transfection with infectious BLV clones. Twenty-four hours after transfection, CC81 and FLK cells were replated in 10-cm-diameter dishes and cultured in RPMI 1640 medium supplemented with 4 mg of Polybrene per ml. Cultured cells were serially passaged at 4-day intervals. Aliquots of cells were examined for the formation of syncytia by indirect immunofluorescence microscopy.
Animals, preparation of liposomes, and injection of infectious BLV clones into sheep. Fifteen sheep (as shown in Table 1 ) which were negative for BLV-specific antibodies were purchased from Japan Lamb Company (Hokkaido, Japan). 
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Mannheim, Germany) and injected at three separate sites in the back and shoulders, as described elsewhere (32) . For injections in 2000 (experiment 2), 200 g of plasmid DNA was entrapped by the mixture of
, and dioleoyl phosphatidylethanolamine (2 mol), as described previously (27) , and injected as described above. Extraction of total DNA and detection of BLV proviral DNA. Total cellular DNA was extracted from blood with a Wizard genomic DNA purification kit (Promega) and diluted to 10 ng/ml in distilled water. Thirty nanograms of total DNA was used to amplify the full-length BLV LTR by PCR in a 30-l reaction mixture that contained 1ϫ PCR buffer, 0.2 mM each of the four deoxynucleoside triphosphates, 2.5 M MgCl 2 , and 0.5 U of Taq polymerase (Promega) with primers (0.33 mM) BLTRF and BLTRR (25) . Amplification was achieved by 35 cycles of incubation at 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s. One microliter of the mixture after PCR was used as the template for nested PCR with primers 256 (5Ј-GAGCTCTCTTGCTCCCGAGAC-3Ј) and 453 (5Ј-GAA ACAAACGCGGGTGCAAGCCAG-3Ј). The sequences of primers were based on data in the report by Sagata et al. (22) . The amplification products were subjected to electrophoresis on a 2% agarose gel.
Immunodiffusion test. For detection of antibodies against BLV, immunodiffusion was performed at 15 weeks after injection, using the BLV env glycoprotein gp51 and the gag protein p24 as antigens, as described previously (3, 15) .
Quantification of BLV-positive cells. To determine the percentages of white blood cells that were positive for BLV, we used a system for real-time quantitative PCR (LightCycler System; Roche Diagnostics). Thirty nanograms of total DNA from blood was amplified in the presence of LightCycler-FastStart DNA Master SYBR Green I (Roche Diagnostics) and primers 256 and 453 for amplification of part of the BLV LTR. We also amplified the sheep gene for ␤-globin in each sample, using primers PC03 (5Ј-ACACAACTGTGTTCACTA GC-3Ј) and PC04 (5Ј-CAACTTCATCCACGTTCACC-3Ј) (34) to monitor the concentration of template DNA. Total DNA from FLK-BLV cells, which harbor six copies of the BLV genome, was serially diluted with total DNA from FLK cells, and these samples were used as standard templates for calculations of percentages of BLV-positive cells.
Detection of viral RNA by RT-PCR. Total RNA was extracted from sheep PBMC with Trizol reagent (Invitrogen, Carlsbad, Calif.). Approximately 500 to 1,000 ng of total RNA were used, with a Superscript preamplification system (Invitrogen), for synthesis of cDNA. BLV tax/rex and cellular ␤-actin cDNAs were amplified by PCR as described above with primers 4758 (5Ј-AGGCGCTC TCCTGGCTACTG-3Ј) and 7333 (5Ј-GGCACCAGGCATCGATGGTG-3Ј) and actinF (5Ј-CGTCGCCTTGGACTTCGAGCAGGA-3Ј) and actinR (5Ј-GC TGGAAGGTGGACAGGGAGGCCAGGA-3Ј), respectively. The products of amplification were subjected to electrophoresis on a 2% agarose gel.
RESULTS
Production of viral proteins and particles from cultured cells transfected with pBLV-IF that encoded wild-type or mutant Tax.
To elucidate the effects of mutant BLV Tax with elevated (D247G) or reduced (S240P) transactivation activity on the replication and propagation of BLV, we constructed recombinant provirus clone, pBLV-IF D247G , by replacing part of the Tax coding region (amino acids 26 to 272) of the wildtype clone pBLV-IF WT (10) with the appropriate sequence for D247G (Fig. 1A) .
We examined the transactivation activity of the Tax proteins encoded by each of the molecular clones (Fig. 1B) . We transfected 293T cells with pBLV-IF S240P (25) or pBLV-IF D247G plus the reporter plasmid pGV-BLTR, which linked the fulllength BLV LTR upstream of the luciferase gene, and then we analyzed luciferase activity. We detected significantly elevated transactivation activity in cells that had been transfected with pBLV-IF D247G . By contrast, no LTR-directed activation was seen in cells that had been transfected with pBLV-IF S240P . These results supported our previous finding that the transactivation activity of the mutant D247G protein was markedly higher than that of wild-type Tax (25) .
We next examined the expression of viral proteins in cells that had been transfected with the various forms of pBLV-IF by Western blotting (Fig. 2A) . We observed strongly immunoreactive bands of proteins that could correspond to at least three precursor proteins (gPr72 Env , Pr70 Gag , and pr45 Gag ) and three mature proteins (gp51, gp30, and p24) in lysates of cells that had been transfected with pBLV-IF D247G . The intensities of these bands were markedly higher than those of bands from cells that had been transfected with pBLV-IF WT . In cells transfected with pBLV-IF S240P or the control plasmid, there were no detectable viral proteins. No specific bands of immunoreactive proteins were observed when the Western blot analysis b Blood was periodically collected from each sheep, and total DNA was extracted from the blood and used as the template for PCR for detection of BLV proviral genomes, as described in Materials and Methods. The week at which the BLV proviral genome was first detected is indicated.
c The BLV antibody in serum from sheep at 15 weeks after injection was detected by use of an immunodiffusion test as described in Materials and Methods. Ϫ, negative; ϩ, positive.
was performed with serum from an uninfected sheep (data not shown).
To examine the ability of the Tax proteins encoded by the various forms of pBLV-IF to support the production and secretion of viral particles in vitro, we transfected 293T cells with each plasmid and then concentrated the viral particles in the growth medium by ultracentrifugation. Then we analyzed a portion of the solution of virus by a RT assay (Fig. 2B) . Potent RT activity was detected in the growth medium of cells transfected with pBLV-IF D247G , suggesting that there were more viral particles in the growth medium of pBLV-IF D247G -transfected cells than in that of pBLV-IF WT -transfected cells. The remainder of each solution of virus was subjected to Western blotting for the detection of viral proteins in virions with serum from BLV-infected sheep (Fig. 2C) . The intensities of bands that corresponded to BLV proteins (gp51, Pr45
Gag , gp30, and p24) obtained from the growth medium of pBLV-IF D247G -infected cells were higher than the intensities obtained from that of pBLV-IF WT -infected cells. No detectable virus particles were released from cells that had been transfected with pBLV-IF S240P or the control plasmid. No specific bands of proteins were detected in the control analysis with serum from an uninfected sheep (data not shown).
Our results demonstrated that, in vitro, the infectious molecular clone of BLV that encoded a mutant Tax with elevated transactivation activity supported the production of more viral proteins and particles than the wild-type infectious clone. . At 60 h after transfection, the growth medium was recovered for experiments for which results are shown (B and C), and cells were used for preparation of cell lysates. Cell lysates were fractionated by SDS-10% PAGE, and viral proteins were detected by Western blot analysis with serum from a BLV-infected sheep. The amounts of cell lysate subjected to Western blotting were varied by reference to the efficiency of transfection, which was assessed by monitoring Renilla luciferase activity. Positions of protein markers and of BLV structural proteins are indicated. (B and C) Detection of virus particles secreted into the growth medium by cells transfected with the BLV clones by RT assay (B) and Western blotting (C). Virus particles in the growth medium were concentrated by ultracentrifugation and resuspended in 100 l of RPMI 1640. Ten microliters of the concentrated preparation of virus was used for the RT assay. RT activity is presented relative to the activity of the concentrated preparation of virus released from cells transfected with pBLV-IF WT (B). Viral proteins in the concentrated preparations were also analyzed by Western blotting (C) with serum from a BLV-infected sheep, as described above. D247G for their ability to induce the formation of syncytia, which is one of the cytopathic effects of BLV (Fig. 3) . Expression of the Env protein of BLV is a prerequisite for the formation of syncytia. Thus, it is likely that the number of syncytia and the number of nuclei in each syncytium are dependent on the amount of Env on the cell surface. We transfected CC81 cells with the various forms of pBLV-IF and counted syncytia and nuclei in each syncytium 3 days later. Syncytia were formed in cultures of cells that had been transfected with pBLV-IF WT and pBLV-IF D247G ; however, more syncytia and more nuclei per syncytium were observed in the case of pBLV-IF D247G . This result, together with the results shown in Fig. 1 and 2 , demonstrated that the Tax mutant D247G encoded by pBLV-IF D247G induced the production of more viral proteins from the genome than did wild-type Tax.
Propagation of mutant BLV in CC81 and FLK cells after transient transfection with the various forms of pBLV-IF.
To examine the ability of BLV that encoded wild-type and mutant Tax to infect adjacent cells, we transfected CC81 and FLK cells with the various forms of pBLV-IF and then monitored the kinetics of viral infection by counting the number of syncytia in passaged cells and determining the percentages of cells that expressed viral proteins at four-day intervals (Fig. 4 ). There were markedly and rapid increases in the number of syncytia Transfection of sheep with molecular clones of BLV. Under experimental conditions, sheep can easily be infected with BLV via blood from BLV-infected cattle or sheep and they tend to develop B-cell leukemia/lymphoma at higher frequencies and after shorter latent periods than cattle (3, 8) . Willems et al. established a method for the direct injection of cloned BLV provirus into sheep, and their method appears to be useful for investigation of the nature of mutant infectious clones in vivo (32) . Therefore, we attempted to stably infect sheep with the various forms of pBLV-IF to determine the effects of the mutant Tax proteins on the expression and propagation of BLV in vivo. Table 1 shows the sheep used for in vivo injection.
We demonstrated previously that ovine major histocompatibility complex (MHC) class II (OLA) DRB1 alleles are associated with resistance or susceptibility to the development of BLV-induced ovine lymphoma (16) . Therefore, we selected sheep that had the same genetic background with respect to OLA-DRB1. Experimental infections in 1999 (experiment 1) and 2000 (experiment 2) were performed with different lipofection reagents, as described in Materials and Methods. Fifteen sheep were injected with 100 to 200 g of one of the various forms of pBLV-IF or control plasmid DNA that had been mixed with lipofection reagents. Blood was collected periodically, and total DNA was isolated from the blood and used for analysis by PCR with BLV LTR-specific primers. Within 4 to 8 weeks after inoculation, BLV proviral DNA had been detected in two of six sheep injected with pBLV-IF WT and three of six sheep injected with pBLV-IF D247G , indicating that these sheep had been persistently infected with BLV. When we detected antibodies against BLV by the immunodiffusion test at 15 weeks after inoculation, all the BLV-positive animals except sheep G296 were also seropositive.
To confirm whether the tax gene encoded the proviral genome in persistently infected sheep, we subcloned this gene from sheep 22 to 28 weeks after injection into pME18Neo. We selected four resultant clones for each sheep and then measured the BLV LTR-directed transactivation activity of each Tax protein (Fig. 5) . In all five sheep that had been persistently infected with BLV, Tax activity had been maintained. We also determined the nucleotide sequence of each tax clones and found no nucleotide changes (data not shown). These results indicated that persistent infection with BLV in sheep that had been injected with pBLV-IF D247G was not due to reversion of the mutant gene for Tax D247G to the wild-type gene in the proviral genome.
Proviral loads in sheep injected with the various forms of pBLV-IF. To evaluate viral propagation, we examined the percentages of BLV-infected cells in white blood cells from sheep injected with the various forms of pBLV-IF (Fig. 6) . We amplified part of the BLV LTR region in the proviral genome and determined the amounts of products by a real-time quantitative PCR, as described in Materials and Methods (Fig. 6A) . The results indicated that sheep could be divided into two groups. In the first group (G279, G287, and B.0234), the level of BLV-positive white blood cells remained between 2% and 15%; in the second group (G296 and W195), the level of . We also examined the ability of sheep PBMC to induce formation of syncytia by indicator CC81 cells (Fig. 6B) . The results of the syncytium formation assay were consistent with the results of real-time PCR for all BLV-positive sheep with the exception of G287. The results suggested that, in contrast to the results from analyses in vitro, the mutant Tax protein with elevated transactivation activity had no apparent effect on viral expansion of BLV-infected cells in vivo.
Expression of viral RNA in PBMC from sheep injected with the various forms of pBLV-IF. To examine whether mutant Tax with increased transactivation activity could enhance the expression of viral RNA in vivo, we analyzed the expression of viral RNA that encoded Tax and Rex in freshly prepared PBMC from sheep by RT-PCR (Fig. 7) . We detected viral RNA only in sheep G279 and W195 from 4 to 11 weeks and 4 weeks, respectively, after injection of BLV clones, and none was detected in the other four sheep by this method. However, we detected viral RNA in PBMC from all five BLV-positive sheep after isolation of PBMC 24 to 26 weeks after injection of BLV and incubation for 6 h at 37°C before extraction of RNA (data not shown).
Our results indicated that the expression of viral RNA in sheep inoculated with infectious BLV clones was independent of the ability of the Tax protein, encoded by the proviral genome, to transactivate the viral enhancer and, moreover, that silencing of BLV in vivo occurred even when the transactivation activity of the encoded mutant Tax was higher than that of the wild type.
DISCUSSION
The ability of the D247G mutant of the Tax protein of BLV to transactivate the BLV LTR is higher than that of wild-type Tax (25) . The mutant protein can also transactivate the enhancer sequences of other retroviruses and the cellular protooncogene c-fos (25, 26) . These findings suggested that the mutant Tax might increase the production of viral particles and the propagation of virus in the host animal and might cause the development of BLV-dependent lymphoma more frequently and more rapidly than wild-type Tax. However, no Tax mutants with elevated transactivation activity have been isolated from BLV-infected cattle, suggesting that, if anything, such Tax mutants might be disadvantageous for propagation of BLV in vivo.
To clarify the effects of the D247G mutant, we constructed an infectious molecular clone of BLV that encoded D247G Tax and use it to transfect cultured cells in vitro and to infect sheep. Then we examined the effects of D247G mutant on the replication and propagation of the virus. BLV that encoded D247G Tax produced more viral particles and was transmitted at an elevated rate in vitro (Table 2) . However, there were no significant differences in the viral load and the expression of viral RNA between sheep injected with the molecular clone of BLV that encoded the wild-type and those injected with the clone that encoded mutant Tax, indicating that the higher activity of the mutant Tax did not influence the expansion of BLV in vivo ( Table 2) .
The results obtained in vitro were consistent with our pre-
Expression of BLV mRNA in sheep injected with infectious molecular clones of BLV. PBMC from BLV-positive sheep were recovered periodically for 6 months, and total RNA was isolated. RT-PCR was performed with primers for amplification of BLV tax/rex mRNA (204 bp) and cellular ␤-actin mRNA (407 bp), and products of PCR were subjected to 2% agarose gel electrophoresis. (25) . The result also demonstrate that when the mutant Tax protein with elevated activity was encoded by an infectious BLV clone, it increased the production of structural proteins and viral particles. When we examined the formation of syncytia by CC81 cells transfected with infectious clones, we observed only a slight difference between wildtype Tax and the D247G Tax with respect to the number of syncytia and the number of nuclei per syncytium. It is possible that cell fusion to form syncytia might occur at high frequency in cells transfected with pBLV-IF D247G because there were many more nuclei in the syncytia in cultures of cells that had been transfected with pBLV-IF D247G than in the syncytia of cells that had been transfected with pBLV-IF WT (data not shown).
The results of serial passaging indicated that, in the population of cells transfected with pBLV-IF D247G , the percentage of BLV-positive cells increased more rapidly than in the cells transfected with pBLV-IF WT . Almost all CC81 cells transfected with pBLV-IF D247G formed syncytia after eight passages (data not shown). Thus, the Tax mutant with elevated transactivation activity not only increased the production of viral proteins and particles but also appeared likely to accelerate the propagation of virus in vitro.
We examined the effects of mutant Tax during infection of sheep with BLV. We showed previously that ovine MHC class II DRB1 alleles are associated with resistance or susceptibility to the development of BLV-induced ovine lymphoma (16) . Therefore, we checked the nucleotide sequences of the DRB1 gene in sheep and selected sheep with DRB1 alleles associated with susceptibility to lymphoma for inoculation experiments in vivo. We did not use the mutant clone pBLV-IF S240P for injection of sheep because a previous report demonstrated that a BLV clone with a mutation of tax that decreased its transcriptional activity by about 10-fold was not infectious (33) .
BLV persistently infected two of six animals injected with pBLV-IF WT and three of six animals injected with pBLV-IF D247G . The five sheep that had been infected with the wildtype or the mutant BLV could be divided into two groups: (i) in sheep G279, G287, and B.0234, the white blood cells included Ն2% BLV-positive cells, while (ii) the white blood cells of sheep G296 and W195 included Ͻ2% BLV-positive cells. However, in sheep G287, the ability of PBMC to induce the formation of syncytia was considerably weaker than that in sheep G279 and B.0234. Proviral BLV DNA integrated into white blood cells in sheep G287 might have included a mutation that reduced of the ability to form syncytia, as described in a previous report (12) .
In sera from sheep G296, we could not detect antibodies against BLV. This result might be due to a very low viral load in sheep G296. Contrary to the results from experiments in vitro, the viral loads of BLV-infected sheep were not correlated with the potential activity of the Tax protein encoded by the proviral genome, and in all BLV-positive sheep, the expression of BLV had been inhibited except at the early stages of infection. Thus, the mutant Tax protein with elevated transactivation activity had no apparent effect on the properties of BLV observed in vivo.
A previous study by Twizere and colleagues (28) showed the discordance between the nature of mutant BLV Tax in vitro and in vivo, and they also remarked that their results might be attributed to the different pathways involved in immortalization of fibroblast cells, which were used for the in vitro transformation assay, and oncogenesis of peripheral B lymphocytes.
In addition to the different target cells, the differences between the results of our in vitro and in vivo studies might also be attributable to the responses of host animals to the introduction of infectious BLV clones. Indeed, the mechanisms that regulate the expression of BLV in PBMC are likely to be much more complex than those that regulate the expression of BLV proteins in many cell lines. Viral RNA is maintained at a very low level and does not produce detectable viral proteins in host animals even though the full-length proviral genome is retained, and furthermore, loss-of-function mutations of Tax and LTR have not been observed (24, 25) . The silencing mechanism allows BLV to persist even under immunological attack by the host's immune response. However, viral transcription in PBMC is activated and levels of viral RNA are increased considerably after 30 min of ex vivo culture (14, 17) .
The silencing of BLV in host blood cells has been described as active repression of virus expression that is mediated by some unidentified factor(s) in cattle and human plasma (9, 36) . Recent investigations by Pyeon et al. revealed that, in PBMC of BLV-infected cattle, the host cytokine interleukin-10 (IL-10) inhibits the expression of BLV (19, 20) . Moreover, PBMC from BLV-infected animals with late-stage disease express considerably more IL-10 mRNA than animals that are not infected or are at the early stages of disease, suggesting that IL-10 might be a candidate for the factor that negatively regulates the expression of BLV (18) .
Experiments with chemicals that interfere specifically with cellular signal transduction pathways showed that expression of BLV in cultures of freshly isolated cells is inhibited by cyclic AMP (13) . Our experiments in vivo indicated that a repressive pathway might overcome the effects of Tax and that a Tax mutant with elevated transactivation activity does not allow bypass of such a pathway. Furthermore, no variant of Tax with markedly elevated transactivation activity has been identified in naturally infected cattle. Thus, it appears that Tax with particularly strong transactivation activity is not advantageous for the expansion and survival of BLV. Moreover, wild-type Tax with moderate transactivation activity might be appropriate for both the induction and the repression of the expression of BLV.
At the time of writing (October 2002), the sheep inoculated with infectious BLV clones are still at the asymptomatic stage. Tax is a weak oncoprotein and appears to be critical for the oncogenic potential of BLV. It is possible that an infectious clone of BLV encoding Tax with high transactivation activity might induce lymphoma more rapidly and more frequently than wild-type BLV. It will be interesting to monitor the effects of variations in the transactivation activity of Tax on BLVinduced leukemogenesis.
